We present here new insights about the merging galaxy cluster Abell 2034 (z = 0.114) based on a combined weak lensing and dynamical analysis. From our deep Subaru BR C z images plus Gemini-GMOS/N low-resolution spectra accompanied by available redshift data, we have obtained the individual masses of the colliding subclusters as well as estimated a timeline of the process. The collision event happened 0.56 −0.71 × 10 14 M ) with the gas content of both subclusters displaced in relation to their galaxy and dark matter distributions, in a scenario similar to that found in the Bullet Cluster. Following our data and modelling the collision event is, most likely, taking place not so far from the plane of the sky, with an angle of 27 • ± 14 • in relation to that. In spite of the intrinsic degeneracy inherent to the system (whether it has been observed incoming or outgoing), the comparison of our calculated time since the closest approximation with the estimated age of the observed X-ray shock front and the increment experienced by the velocity dispersion of the galaxy cluster members points toward an outgoing movement. Besides, we found a strong evidence for the presence of a third structure which we called A2034W.
INTRODUCTION
Immediately after the equipartition epoch, matter became the dominant species relative to the radiation content of the Universe. Baryonic matter and radiation were strongly coupled preventing the growth of small baryonic matter overdensities. Dark matter (DM), on the other hand was not significantly coupled to this fluid, allowing their collapse and posterior growing to form more massive structures. After recombination, baryons started falling into the potential wells created by DM halos that were formed. From that period and on, structures have evolved due to the gravitational attraction. In the hierarchical (or bottom-up) scenario this is followed by a continuously ongoing process where smaller DM halos merge to form the large galaxy clusters we now observe, the largest gravitationally bounded structures in the Universe. Some of these mergers have reached energies not seen since the Big Bang (≈ 10 64 ergs; Sarazin 2004 ). E-mail: rogerionline@gmail.com Merging galaxy clusters have proved to be fruitful laboratories to study their three main components (DM, galaxies and the hot intra-cluster gas -ICM) as well the interactions among them. Especially interesting are the dissociative mergers, where systems are observed with significant spatial detachment between the DM and ICM distribution (e.g. Monteiro-Oliveira et al. 2017a,b) .
The galaxy cluster Abell 2034 (A2034) was classified by Abell (1958) as a richness 2 system. It has been exhaustively observed by ROSAT (David et al. 1999) , ASCA (White 2000) , XMMNewton (Okabe & Umetsu 2008) and Chandra (Kempner et al. 2003; Owers et al. 2014) , whose data revealed that A2034 is, indeed, a bimodal system comprised by two subclusters each one located at South and North of the field. In this work, we name them as A2034S and A2034N, respectively. The cluster field is presented in Fig. 1 .
The subclusters were identified as galaxy overdensities near each brightest cluster galaxy (BGC), respectively BCG S and BCG N, which are ∼ 5 arcmin apart from each other. The X-ray morphology presents itself as a unimodal distribution, offcentred 91±1 Figure 1 . Deep optical R C image of the A2034 field taken by the Suprime-Cam mounted on the Subaru telescope. The overlaid red contours correspond to the ICM X-ray emission mapped by Chandra telescope. The X-ray emission presents a single peak located between the two BCGs (green circles). The explanation for the south X-ray emission excess is still an open question. The boxes enclose the regions considered for the statistical subtraction aiming to identify the galaxies belonging to the cluster red sequence: the blue ones are sufficiently far from the cluster centre (box magenta) and are supposed to be dominated by field galaxies. arcsec (this work) from the nearest BCG S, suggesting that A2034 as a whole is out of equilibrium. Moreover, Kempner et al. (2003) found an discontinuity in the X-ray surface brightness, distant ∼3 arcmin from the BCG S toward BCG N, that they classified as a cold front. In the same region, Kempner & Sarazin (2001) found an elongated radio emission. All these evidences points towards a recent merger between A2034S and A2034N.
An apparent contradiction to the post merger scenario was the detection by White (2000) of a high cooling flow rate (about ∼ 90 − 580 M year −1 ), a feature that is correlated with undisturbed systems. However, Kempner et al. (2003) recalculated this value to 23 +21 −20 M year −1 and argued that the previous high value was biased by the cold front and the cold gas found at the excess emission region in the Southern of the cluster. The cluster X-ray luminosity is also high, at L [0.1−2.4 keV] = 3.51 × 10 44 erg s −1 (Piffaretti et al. 2011 ).
The excess emission region is made of a gas colder than that found elsewhere in the nearby field. Kempner et al. (2003) argued that its temperature is sufficiently low to be a post collisional gas. They also speculated that its origin could be a background galaxy cluster at 0.30 < z < 1.25 according to the L X − T relation. For the whole cluster, David et al. (1999) found L [0.5−2 keV] = 5.2 × 10 44 erg and an X-ray bolometric luminosity of 2.2 × 10 45 erg s −1 .
Based on 1.4 GHz VLA data, Giovannini et al. (2009) confirmed the existence of an radio diffuse emission previously identified by David et al. (1999) . However, van Weeren et al. (2011) revisited this cluster and questioned this classification since the source does not show a clear correlation with the X-ray distribution. They have suggested that the radio source could be a radio relic, but they could not agree to a definitive classification. More recently, Shimwell et al. (2016) have presented a complete radio study of the field with Low-Frequency Array (LOFAR) data. They found that the ICM presents a complicated emission and puts A2034 as a more complex system than expected. The brightest X-ray region also coincides with a giant radio halo and a group of three radio relics candidates were also detected in the cluster neighbourhoods Okabe & Umetsu (2008) performed mass reconstruction through weak lensing using Subaru R C (2800 s) and g (720 s) images. They found a more complex scenario than that revealed by the X-ray observations. They found mass counterparts for the subclusters A2034S and A2034N (placed in front of the cold front) and other ones to the west from the cluster. Based on SDSS spectroscopic data, they speculated that them could be background struc- Okabe & Umetsu (2008) tures. In Tab. 1 we show a compilation of the mass estimates for A2034 available in the literature.
Using deep Chandra images and radial velocities of the member galaxies, Owers et al. (2014) claimed that A2034 is, in fact, a post collisional system whose axis is nearly coincident with the N-S direction. They re-classified the X-ray feature behind A2034N as a shock front travelling with v shock 2057 km s −1 (corresponding to a Mach number M = 1.59 +0.06 −0.07 ). The gas content of A2034N then would have been ripped out due to the collision, which happened 0.3 Gyr ago and had a small impact parameter, as revealed by the X-ray morphology. Combining the radial velocities of the BCGs, they estimate that the collision axis is at an angle of ∼ 23 • respective to the plane of the sky. Moreover, they have found an absence of background galaxies in deep SDSS images which exclude the idea of an background cluster responsible for the X-ray excess emission as suggested by Kempner et al. (2003) . They have interpreted this feature as a gas lost by A2034N during the passage though A2034S.
In this paper we intend to map the mass distribution in A2034 as well to measure the masses of the individual subclusters. We also plan to characterize the system through the dynamical point of view, aiming to recover the merger history of the system. To these purposes, we have used deep B, R c and z images obtained with the Subaru telescope and spectroscopic data taken with Gemini/N telescope complemented with data available in the literature. This paper is organized as follows. In Section 2 we present the weak lensing analysis, from the description of the data to the mass measurements. The dynamical overview based on the galaxy redshift analysis can be found in Section 3. The proposed merger scenario for A2034 is described in Section 4. All results obtained are discussed in Section 5 and summarized in Section 6.
Throughout this paper we adopt the following cosmology: Ω m = 0.27, Ω Λ = 0.73, Ω k = 0, and H 0 = 70 km s −1 Mpc −1 . At the mean cluster redshift of z = 0.114 we then have 1 arcsec equals 2.06 kpc, the age of the Universe 12.4 Gyr, and an angular diameter distance of 424.6 Mpc.
WEAK LENSING ANALYSIS
For the sake of conciseness, we refer the reader interested in the basic concepts of the weak lensing technique to our previous works (Monteiro-Oliveira et al. 2017a,b) . Complementary, a more complete and detailed description of the subject can be found, for example, at Mellier (1999) , Schneider (2005) and Meylan et al. (2006) . (Kashikawa et al. 2004 ).
Imaging observation and reduction
Our deep B, R C and z imaging data were taken by the SuprimeCam mounted at Subaru Telescope within the Gemini Telescope time exchange program (GN-2007A-C-21). The observations, summarized in the Tab. 2 were done in queue mode in 2007A, mostly under photometric conditions. Imaging data reduction was performed with a tailor-made software SDFRED (Ouchi et al. 2004; Yagi et al. 2002) . This semiautomatic routine include nine basic steps: (i) bias and overscan subtraction, (ii) flatfielding, (iii) atmospheric and dispersion corrections, (iv) sky subtraction, (v) auto guide masking, (vi) alignment (done for all three filters simultaneously) (vii) combining and mosaicing into a final image per filter, (viii) fringing removal from z images, and (ix) registering and combining the images (with IRAF).
We have used standard star fields (Landolt 1992; Smith et al. 2002) to calibrate magnitudes in the AB system and perform the astrometric calibration. The object catalogues were built with SEX-TRACTOR (Bertin & Arnouts 1996) in "double image mode", where the detections were always made in the R C band. Galaxies were selected according to two complementary criteria: for 19 R C 26.5 galaxies were the objects with FWHM > 1.53 arcsec and for the brightest objects (R C < 19), galaxies were identified as having SEXTRATOR's CLASS_STAR < 0.8. Stars (actually point sources) were selected by their stellarity index (bright saturated stars) or FWHM. For our forthcoming analysis, we have considered as the weak lensing image our deepest R C band.
Classifying the galaxy populations
For weak lensing purposes we are interested only in the background galaxies. However, we need to carefully exclude from the sample both cluster members and foreground galaxies in order to avoid the introduction of additional noise in the lens model. Besides, the unambiguous identification of the red cluster members is important in order to compare their spatial distribution with the other cluster components (dark matter and hot X-ray emitting gas).
As red cluster members are located preferentially in the inner region (Dressler 1980) , we have identified them by statistical subtraction (Monteiro-Oliveira et al. 2017b) . We have compared the locus occupied by galaxies in the R C − z versus B − R C diagram in two different regions: an inner one (dashed magenta box in Fig 1) where the red members are supposed to be predominant, and two peripheral regions (blue dashed box) where the field galaxies will be more numerous. We adopted as a limit for cluster member detection R C = 22.5 which is the faintest limit where galaxy counts in the inner region are higher than those in peripheral regions. After the statistical subtraction, we found 990 galaxies within R C 22.5. Their number density distribution can be seen in the Fig. 2 .
The galaxy spatial density distribution shows an elongated fil- Figure 2 . Left: Numerical density distribution of the 990 red sequence galaxies found through colour-colour statistical subtraction overlaid with the Subaru Suprime-Cam R C image. Despite the filamentary aspect, we can see clearly three structures being two of them related to the previous known merging system A2034S and A2034N and a third candidate located at Western which we called A2034W. To carry further analysis on the A2034S&N dynamics and the pertinence of A2034W to the merging system, we have done a spectroscopic survey on Gemini/GMOS-S whose masks were positioned on the densest regions (blue boxes). Right: The numerical density distribution now weighted by the R C luminosity. In both maps the contours are logarithm and the BCGs are highlighted with green circles. For the forthcoming weak lensing analysis, we will focus on the box region (17 × 21.5 arcmin) which encloses the galaxy cluster A2034.
amentary structure related to the merging system A2034S&N surrounded by a clump at the Western part of the field. We named it as A2034W and its pertinence to the A2034 system will be investigated across this paper. When weighted by R C -luminosity, the numerical density distribution presents a tri-modal behavior. In the merging system, the weighted density is clearly dominated by the BCGs luminosities whereas we do not find a dominant galaxy in A2034W. For further analysis of the mass distribution, we have defined a box enclosing the central part of the image in order to focus our efforts on the aforementioned structures.
To perform the weak lensing measurements, our selection of the background sample was done taking care to minimize the contamination by foreground and cluster member galaxies. Hence, the background sample was selected satisfying two complementary criteria: (i.) galaxies fainter than R C = 22.5 and (ii.) inside the "background locus" (e.g. Capak et al. 2007; Medezinski et al. 2010) on the R C − z versus B − R C diagram (Fig. 3) . Additionally, after the shape measurement process, some of those galaxies will be discarded based on the quality of the obtained ellipticities.
Shape measurements
Both atmospheric temperature and pressure gradients can change along the light path, which, when arrives at the telescope, suffers an additional diffraction (e.g. Schirmer 2004 ). This combined effect of the atmospheric turbulence plus the telescope optics is mathematically described by the point spread function (PSF). In an illustrative way, the PSF acts scattering the photons coming from a point source making it extended following some intrinsic pattern. To perform the unbiased measurement of the galaxies shapes it is necessary to map carefully the PSF and correct for it. This task is done considering the bright unsaturated stars distributed across the field as our target.
The shape measurements for the PSF deconvolution were done by the IM2SHAPE Bayesian code (Bridle et al. 1998) 1 . It Figure 3 . The colour-colour (CC) diagram for the objects classified as galaxies in the A2034 photometric catalogue. The locus occupied mostly by the foreground galaxies (central yellow region) and the background ones (magenta) were obtained by comparison with the work presented by Medezinski et al. (2010) . The red points show the red cluster member galaxies identified after the statistical subtraction. We have also defined a hatched region as the locus of higher redshift early-type galaxies, for the identification of possible background structures (Medezinski et al. 2018). works by modeling each object as a sum of Gaussians with an elliptical basis. Specifically, stars are modeled following single Gaussian profiles and no deconvolution is performed in order to keep the PSF dependent parameters: the ellipticity Cartesian components e 1 , e 2 and the FWHM (full width at half maximum). We have spatially interpolated the discrete set of PSF parameters to generate an analytic function across the entire field. This, in turn, was done in the R environment (R Core Team 2014) using the thin plate spline Figure 4 . The black points show the initial distribution of the ellipticity with e 1 = 0.012, σ e 1 = 0.011 and e 2 = −0.013, σ e 2 = 0.012. For a null PSF, we would found e 1 = e 2 = 10 −5 . The red points show the residual of the analitical funtion which describes the PSF. We found for e 1 and e 2 res = 0 and standard deviation σ res = 0.003. Circles represent 95% of the data.
regression (Nychka et al. 2014) 2 . The interpolation was done iteratively, three times, each time removing the 10% of objects with larger absolute residuals. The final ellipticities measured and the final corresponding residuals after the spatial interpolation are shown in the Fig. 4 .
The previously selected background galaxy sample is then obtained by IM2SHAPE after deconvolving the PSF locally. As an additional quality criterion for our forthcoming lensing analysis, we removed from the sample both galaxies with large ellipticity errors (σ e > 2) and those with evidence of contamination by nearby objects.
Our final background sample had 26,800 objects, corresponding to a density of 28 gals. arcmin −2 . The observational parameters are translated into physical quantities through the average critical lensing surface density, Σ cr . Because we do not have the photometric redshift for each source galaxy, we have estimated its distribution comparing our data with the COSMOS photometric redshift catalog (Scoville 2007) . We selected COSMOS objects using the same colour and magnitude criteria described before to select our background sample. After this, we found Σ cr = 4.75(3) × 10 9 M kpc −2 .
Mass distribution
As the initial step to investigate the mass distribution, we have mapped the signal-to-noise ratio across the image field starting from the measured ellipticities of the background galaxies. For this purpose, we have referred to the mass aperture statistic (Schneider 1996) following the same procedures adopted in Monteiro-Oliveira et al. (2017b) aiming to maximize the detection of dark matter halos at the cluster redshift 3 . The final map can be seen in the Fig. 5 .
The map shows that the central region, to which we direct all Table 3 . Characteristics of our weak lensing mass reconstruction: the numerical density of background galaxies available for shape measurements, the FWHM of the smoothing scale and the noise level in the convergence map.
our interest, contains a constellation of peaks surrounding a prominent central one, the position of which nearly matches the BCG S. Besides the central box, the field also presents several peaks with high S/N. However, since we do not find a relevant number of red cluster members outside the box (Fig. 2) , we speculate that these high S/N regions can be either background massive halos (≈ 10 15 M ) or even associations of small ( 10 13 M ) halos (Liu & Haiman 2016) aligned. Furthermore, the possibility of them to be artefacts due to image border proximity cannot be ruled out. An attempt to discard the faintest galaxies in order to maximize the S/N in the central region (i.e. to highlight the mass structures candidates to be part of A2034, e.g. Monteiro-Oliveira et al. 2017b) has proved unfruitful, since the S/N has remained roughly the same, independently of the adopted cut limit (R C cut ∈ {26.5, 26, 25, 25.5, 24}). The next step to proceed is to reconstruct a mass distribution that creates the observed characteristics. For this purpose, we have used the LENSENT2 Bayesian code (Marshall et al. 2002) based on the maximum entropy algorithm (Seitz et al. 1998 ). Complementary, the ellipticity field also needs to be smoothed by a filter (Gaussian, in our case) since each galaxy ellipticity is a noisy probe of the shear field. For our data, we have adopted a smooth scale of 1.3 arcmin (80 arcsec), in order to allow both the converge of the LENSENT2 as well a straightforward comparison with the map produced by Okabe & Umetsu (2008) . A summary of the relevant quantities in the weak lensing mass reconstruction is showed in Tab. 3 and the resulting mass distribution is presented in Fig. 6 .
The recovered mass distribution is highly consistent with the S/N map (Fig. 5) . The straightforward mass counterparts of A2034S and A2034N, labelled as #1 and #2 respectively are noteworthy. Whereas A2034S appears as an elongated clump in the NE-SW direction, the A2034N mass counterpart seems to be blended with a neighbouring mass concentration.
In both maps there are several mass clumps comparable to the cluster ones with no clear optical counterparts (excess of galaxies with the same colour as the cluster ellipticals). It can be understood partially given the relatively low redshift of A2034 (z = 0.114). Even moderate structures at 0.2 < z < 0.4 will be as effective as lenses as A2034 itself. What remains to be discussed is whether those peaks correspond to actual structures, bound or projected along the line-of-sight, or fake peaks due to the noise in the data (Wei et al. 2018) .
A remarkable feature on those maps are the three prominent Western clumps (#3, #4 and #5). An overall comparison with the mass maps shown by Okabe & Umetsu (2008) , (see the green dashed box in Fig. 6 ) shows qualitative agreement. There are two slight differences, however: (i.) the detection of two (instead one) structures regarding our peaks #2 (their "C"and "S") and #3 (their "W1" and "W2") and (ii.) the absence of the peak #4 in Okabe & Umetsu (2008) .
Disregarding their nature, we have carried out a quantitative characterization of the mass clumps. Our self-made peak finder The "×" are placed at the BCGs position and both are unambiguously related to structures with high S/N. Moreover, the central box region presents other significant peaks whose pertinence or not to the A2034 system will be further investigated through this paper. Several structures with relevant S/N can also be seen near to the field borders. The coordinate origin was set to the position of BCG S.
searched for local maxima in the convergence map using a moving circular window with a radius of ∼ 1.2 arcmin. The peak centre was then calculated based on the pixel-weighted mean inside the window and the significance ν was defined as the ratio between the central convergence κ max and the noise level σ κ . The mass clumps identified can be seen in the Fig. 7 . A cut at ν > 4 is enough to select the A2034 related structures in spite of the real structures (those not related to the noise) can arise with ν > 3 (e.g. Gavazzi & Soucail 2007; Wei et al. 2018) .
Aiming to explore the nature of the "orphan" mass clumps, we first tested whether those can be associated with background galaxy clusters. For this, we have considered the galaxies belonging to a redder locus in the CC diagram (hatched region in Fig. 3 ) where higher redshift red-sequence galaxies are expected to lie (Medezinski et al. 2018) . The spatial projected density of those galaxies is showed in Fig. 7 . As we can see, most of the mass peaks are not straightly related to any galaxy concentration. An exception is the peak #3 which appears to be surrounded by an excess of galaxies.
We then verified the probability of occurrence of fake peaks generated by the noise in the convergence map. We have addressed this issue by generating a sample of galaxies at the same position of the original catalogue but with their ellipticities rotated by a random Table 4 . Number of peaks detected in function of their statistical significance. We also show the expected number of fake peaks obtained through a resampling of the galaxy ellipticities.
Threshold Original detection Expected fake peaks
0.02 ± 0.14 angle each. This procedure is intended to erase the cluster signal, allowing to quantify the noise level and detect possible fake peaks generated by noise fluctuations. We then performed 100 realizations of the mass reconstruction and peak finding which, following e.g. Martinet et al. (2016) is enough to provide reliable results. We show the results of this analysis in Tab. 4. As it can be seen there, most of the detected peaks above 3σ κ must be real as the expected number of fake peaks is below 1 at 3σ . Having established the reality of the mass clumps, we turn our attention to investigate the mass counterpart of A2034W. In order Figure 6 . Convergence map obtained by the Bayesian code LENSENT2 overlaid with our Subaru R C -band image, corresponding to the box region defined in Fig. 2 . This map was smoothed by a Gaussian intrinsic correlation function (ICF) whose FWHM was set 1.3 arcmin. The mass contours showed in blue represent the convergence κ in unities of σ κ starting from the 3σ κ level being σ κ = 0.02155. Numeric labels identify the eight peaks above the 3σ κ level. The BCGs, identified as magenta circles, are very close to peaks which we have unambiguously identified as the mass counterparts of the previous structures A2034S and A2034N found in the numerical density map. While the Southern mass concentration appears as an elongated structure, the Northern one appears almost blended with a surrounding clump (withing 2σ κ ). Regarding the Western side, three mass concentrations lie in that region and the association with A2034W is not obvious so far. For the sake of comparison, we have included the field where Okabe & Umetsu (2008) have performed a mass reconstruction (green dashed box). Their most significant peak findings are labelled as "X". Overall, their results shows good agreement with those presented here. The slight difference refers to their detection of the clumps #2 and #3: whereas they have found a double peak in both, we have found a single one. Notable also, is their non-detection of the clump #4. Figure 7 . Mass clumps identified by our peak finder (circles) and their respective significance (internal labels). In blue are highlighted the most significant peaks of the field (ν > 3) labelled as #1:8. The position of the BCGs are marked as a '×'. The background map represents the projected spatial distribution Σ gal (in relative unities) of the redder galaxies located at the same branch of the cluster members in the CC diagram (Fig. 3) . We found most of the relevant peaks (excluding those unambiguously regarding A2034N and A2034S) not related to obvious optical counterparts. An exception is the peak #3, surrounded by an excess of galaxies. . For a comparison we also show the numerical density distribution of the red sequence galaxies presented in Fig. 2 . Note that the Western galaxy clump A2034W is located preferentially between the two mass clumps. The "×" corresponds to the position of the Western mass clumps found by Okabe & Umetsu (2008). to check the uncertainties in the position of the detected peaks, we have performed a bootstrap resampling, generating 10 4 shear fields (keeping the same ellipticity and position but allowing for repetition of data) and computing the correspondent mass maps. For each realization we have searched for the closest peak position relative to those previously identified in the original map (Tab. 5). The results are presented in Fig. 8 .
The Western region of the galaxy numerical density distribution, also presented in the Fig. 8 , is located midway the peaks #3 and #4 making dubious a direct association to each one. In fact, the mass reconstruction provided by Okabe & Umetsu (2008) is also unable to recover the mass counterpart of A2034W. As we can see in Fig. 8 , the position of their subclumps W1 (Eastern) and W2 (Western) are compatible with our clump #4 within 99% c.l. However, both are displaced relative to the A2034W centre.
We will resume this discussion later in this work. For now, we concentrate our efforts to investigate whether A2034 can be described as a bimodal merger between the subclusters A2034S and A2034N as suggested by previous studies accounting for the dynamical state of the ICM (e.g. Owers et al. 2014 ).
Mass distribution modelling
Following our proposal of providing a comprehensive description of the mass distribution in A2034, we have performed the mass modelling. For this, we have considered strictly for the data comprised inside the box region defined in the Fig. 2 (e.g. MonteiroOliveira et al. 2017b) .
The mass distribution model takes into account the peaks with ν > 3, each one simultaneously fitted by eight universal NFW profiles (uNFW; Navarro et al. 1996 Navarro et al. , 1997 . Complementary, we have employed a truncated NFW profile (trNFW; Baltz et al. 2009 ). This variant is intended to be a better description of merging halos instead the uNFW (e.g. Medezinski et al. 2016) .
Due to the fact that we are dealing with a multiple system, where spherical symmetry is absent, it is easier to work with the Cartesian components of the shear, g 1 and g 2 , instead of the usual tangential component g + . The transformation is done by multiplying g + by the lensing convolution kernel,
where x and y are the Cartesian coordinates relative to the respective lens centre. For each background galaxy, the effective shear is then written as a sum of each mass clump,
with i ∈ {1, 2}. We can now write the χ 2 -statistics as
where g i is the effective shear (Eq. 2), e i, j is the measured ellipticity given by IM2SHAPE, σ obs i, j ellipticity uncertainty and σ int is the uncertainty related to the intrinsic galaxy shapes, estimated as ∼ 0.35 for our data. The likelihood can be written as,
Aiming to reduce the number of degrees of freedom in our model, we have assigned the NFW-concentration parameter c using the Duffy et al. 
and we have considered all mass clumps located at the same A2034 redshift (z ≈ 0.114). Each clump centre was fixed in the coordinates determined by our peak finder algorithm. 
Results
The posterior given by Eq. 6 was probed by the MCMC (Monte Carlo Markov chain) algorithm with a simple Metropolis sampler implemented in the R package MCMCMETROP1R (Martin et al. 2011) . The method generated four chains with 1 × 10 5 iterations each allowing an additional 1×10 4 iterations as "burn-in" to ensure the chains fully represent the stationary state. To check the convergence of the final chain, we computed the potential scale factor R, as implemented in the CODA package (Plummer et al. 2006) . It has shown that the final combined chain is, within 68% c.l, convergent (R ≈ 1.0). In Tab. 5 we present the measured masses marginalised over all other parameters, being the median of the distribution considered as the fiducial value. Noticeable is the consistency among the results presented by the different NFW models. To quantify this assessment we have computed two widely used statistical indexes for measuring the relative model quality, the Akaike information criterion (AIC) and the Bayesian information criterion (BIC). Concerning each criterion, the lowest index value presented among the different models points in favour of the preferred one. For the trNFW model we found ∆BIC = ∆AIC = 2 in relation to the uNFW, whereas the indexes are not able to disentangle the best model when we have compared the uNFW and the 2trNFW (∆BIC = ∆AIC = 0). Consequently, we have adopted the universal single NFW as our fiducial model hereafter.
We Our posterior also show that the subcluster A2034S is more massive than A2034N in 85% of the MCMC realisations. The total mass estimated is coherent with the value proposed by Le Delliou et al. (2015) , also based on weak lensing measurements (according to the Tab. 1). However, our total mass is smaller than those estimated by Geller et al. (2013) and Owers et al. (2014) using the caustic methodology. This discrepancy can arise from the misidentification of the cluster centre, which is an important parameter required by the caustic technique and is not obvious in the case of merging systems. We also warn that the presented total mass does not take into account the counterpart of A2034W which tends to diminish the appointed discrepancy.
The marginalised posteriors are shown in Fig. 9 An alternative uNFW model taking into account only the five peaks with ν > 4 was also computed. The resultant masses were fully consistent with the values presented in Tab. 5 except for a noticeable difference: the mass attributed to A2034N clump is now twice its value in the 8-peaks model. This behaviour is easily explained by the existence of a moderate anti-correlation between the clump associated with A2034N and its neighbours, the clump #7 (Fig. 9) . Statistically, whereas the BIC criterion does not distinguish between the models involving different number of parameters (∆BIC ≈ 0), the AIC criterion points straightforward in favour of the 8-peaks model, with ∆AIC = 26.
We can now turn our attention to compare the relative position of both total mass and the ICM distributions in the region of the merging system A2034S and A2034N. Regarding the hot Xray emitting gas distribution, we have downloaded 4 pointings publicly available made with the X-ray telescope Chandra: IDs 2204, 12885, 12886, and 13192 (PIs. G. Sarazin and P. Nulsen). Periods with high particle background (flares), which are caused by protons accelerated by the Sun, were excluded from the event files using the lc_clean script from the Chandra X-ray Center (CXC). The merged individual observations have an effective total exposure time of 243 ks. All these exposures were done in a very faint mode with ACIS-I. We have produced an exposure-map corrected (flat) image in broad band (0.5-7.0 keV) with the script merge_obs available from the CXC, with a pixel scale of 0.984 arcsec. We also generated an adaptive smoothed image in the same energy band with the tool dmimgadapt from CIAO 4.8.
Due to the complexity of the field, we were not able to set the mass centre positions as free parameters in our model (e.g. Monteiro-Oliveira et al. 2017a) . As an alternative to estimate the mass centre uncertainties, we have done 10 4 bootstrap re-samplings of the ellipticity field. For each one, we have obtained the respective mass distribution (as described in Sec. 2.4) and mapped the position of the nearest peak in relation to those previously identified (Fig. 6) . We present the confidence contours and the comparison with the ICM X-ray emission in Fig. 10 .
Both BCGs, which are 4.9 arcmin apart from each other, have their location coincident with their related mass peaks. For A2034N, this agreement is within 1σ whereas in A2034S it happens within 2σ being the BCG/mass peak separation equal to 84
arcsec. Given the relatively low mass of A2034N and the proximity with a neighbouring structure (#7), the determination of its peak position is less precise than we found for A2034S. In some cases, the mass peak of A2034N becomes confused with its Northern neighbor which is far 199 −41 +45 arcsec from the BCG N. In relation to the mass peak, the BCG N is found 57 +36 −34 arcsec away from it. The single X-ray peak presents a clear offset from the other cluster components appearing detached 91 ± 1 arcsec from the BGC S and 169 +48 −42 arcsec from the mass peak related to A2034S. Regarding A2034N, previous studies (Kempner et al. 2003; Owers et al. 2014) have proposed that the gas content of this subcluster was stripped out forming currently a shock front (Owers et al. 2014) behind the BCG N. Therefore, the merger between A2034S and A2034N can be classified as a doubly dissociative system resembling the remarkable Bullet Cluster (e.g. Clowe et al. 2004 Clowe et al. , 2006 .
DYNAMICAL ANALYSIS
Following our goal to characterize the current state of the A2034S&N merging system we will check if the dynamics of the galaxy members, as revealed by their radial velocities, match the previous mass structures.
Spectroscopic data
To address the A2034 dynamics, we observed the target during 3.5 h in 2013A (GN-2013A-Q-36, PI: Rogério Monteiro-Oliveira) with the Gemini Multi-Object Spectrograph mounted at the Gemini North telescope. We used three slit masks being two targeting the merging system A2034S and A2034N and a third positioned in 
the Western region where we and Okabe & Umetsu (2008) found some mass concentration (see the slit masks positions in the Fig 2) . We totalled 119 galaxies observed, most of them selected as a red sequence member (Fig. 3) . We also targeted some bluer galaxies in order to maximize the number of objects per mask whose total integration time was 70 minutes each. We used the R400 grating and 1.0 arcsec wide slits, which lead to spectra with ∆λ ≈ 8Å in 6500 Å. Data standard reduction and calibration in wavelength was performed with GEMINI.GMOS IRAF package.
For galaxies with absorption lines, the radial velocities were obtained through the cross-correlation technique (Tonry & Davis 1979) implemented in the task XCSAO from RVSAO package (Kurtz & Mink 1998) . The observed spectra were correlated with several galaxy spectra templates of similar resolution but large S/N. At the end, the code output a redshift for each template. We selected among them taking as a primary criterion the cross-correlation coefficient R 3 (Tonry & Davis 1979) . Complementary, we have done a visual inspection of the spectra superimposed with the positions of the main spectra lines. This step is important to reject some wrong solutions found occasionally in low S/N spectra. At the end, we found 91 measured redshifts.
The field of A2034 was previously observed and a subsequent search in the NASA Extragalactic Database (NED) revealed 95 galaxies with spectroscopic redshifts. The four galaxies in common with our GEMINI catalogue showed a redshift residual comparable to zero. Our final catalogue has 182 galaxies with spectroscopic redshifts (see Appendix A).
Searching for substructures
After implementing a 3σ -clipping cut (Yahil & Vidal 1977) , we found 106 spectroscopic members whose redshift distribution is shown in Fig. 11 . This sample hasz = 0.1135 with σ /(1 +z) = 1086 km s −1 and is, within 99% c.l., Gaussian distributed. The ∆-test (Dressler & Shectman 1988) points to the absence of substructures with 99% c.l. (p-value = 0.16; Hou et al. 2012) .
The absence of any substructure in the redshift space is in contrast with the observed scenario both in X-rays and mass distribution. There are two main explanations for that: first, we could be observing the colliding system close to their apoapsis, when the relative velocity becomes null (e.g. Golovich et al. 2016 ) and/or the merging is taking place near to the plane of the sky (e.g. MonteiroOliveira et al. 2017a,b) . Given the presence of X-ray features like a shock front behind A2034N (Owers et al. 2014) we believe that the second proposition is more plausible, otherwise the merging imprints on the ICM would not be seen (e.g. Molnar & Broadhurst 2017) .
To identify how the galaxy distribution behave in comparison to the other components (ICM and total mass), we will turn to the spatial projected red sequence galaxy distribution. Our sample was composed of the spectroscopically confirmed members plus all objects from the cluster red sequence up to R C 22.5 inside the box region defined in Fig. 2 . As pointed out, the galaxy field is very irregular, showing a filamentary structure with three densest regions surrounded by few others.
In order to identify the most significant concentrations in the spatial projected galaxy distribution, we have generated a smoothed field through the R function BKDE2D. It uses a bivariate Gaussian kernel having, in this case, 50 arcsec (103 kpc, for both x and y directions). Afterwards, our peak finder searched for the local maximum inside a moving window equally sized. At the end we found that the merging components A2034S and A2034N were detected respectively 3.6σ and 3.0σ above the mean density. The third most significant concentration is that previously named A2034W, being detected at 2.5σ . Regarding the other density peaks, they show significance not larger than 1.8σ . To certify that the previous peaks were not detected by chance, we have generated 1 × 10 5 resamplings of the original galaxy distribution each one a little bit different due to a small random perturbation generated through the R function RJITTER within a scale of 50 arcsec 4 . Then, we have Figure 9 . Posterior of the 8-NFW modelled masses in our Bayesian model. In the diagonal we present the marginalised posterior for the individual mass parameters. The number shows the Pearson's correlation for each pair. mapped the nearest density peak to those previously found. The resulting confidence levels showed in Fig. 12 are consistent with the previously found peak positions.
To keep our focus on the main structures we have selected only the galaxies located in the densest part of the field. Then, we have applied the n-dimensional Gaussian mixture model algorithm MCLUST (Chris Fraley & Scrucca 2012) to find the best classification of those galaxies. The preferred model with 3 groups is very strongly favoured in relation to the 4-group (∆BIC = 10) or even the 5-group (∆BIC = 14) models (Kass & Raftery 1995) . As we can see in Fig. 12 , the assigned groups follow the previous relevant density peaks. This classification was then used as the basis to characterize the dynamical state of each structure from the available spectroscopic members. The results are summarized in Tab. 6 and presented in Fig. 13 . For all recovered groups we cannot discard the null hypothesis of normality within 99% c.l. according to the Anderson-Darling test. The merging system related groups are separated by δ v/(1 +z) = 497 ± 255 km s −1 (68 % c.l.) along the line-of-sight. 
A2034S & A2034N MERGER DYNAMICS
Our previous dynamical analysis has confirmed the existence of a third structure in the system A2034. However, since the X-ray data brings no hints that a multi-body collision has been taking place, we will explore the simplest model of a bimodal collision between A2034S and A2034N using the 2-body approach implemented on the MONTE CARLO MERGER ANALYSIS CODE (MCMAC; Dawson 2013) . This code requires just simple input parameters, listed on Tab. 7, that were later resampled through 2.5 × 10 5 realizations and applied to the model afterward. Figure 10 . R C image overlaid with the brightest region of the X-ray emission mapped by Chandra (red contours). In cyan and blue are presented the confidence levels (respectively 1σ and 2σ ) of the mass peaks related to A2034S and A2034N obtained via bootstrapping with 1 × 10 4 resamplings. The exact position of the original mass peaks are marked as "+" whereas the single X-ray peak appears as an "X". The position of both BCGs are consistent with their related mass peaks being 1σ for the BCG N and 2σ for the BCG S. On the other side, the X-ray peak is detached 91 ± 1 from the BCG S and 169
+48
−42 arcsec from the Southern mass peak. The present image corresponds to a zoomed region of the Fig. 6 . Figure 11 . Redshift distribution in A2034 field. To make this plot clear, we removed ten galaxies with z > 0.45. The spectroscopic cluster members were selected after a 3σ -clipping procedure. They are highlighted as dashed lines and are shown in more detail in the upper right panel. The 106 selected members havez = 0.1135 and σ /(1 +z) = 1086 km s −1 . The MCMAC in its original conception considers the merger axis location equally probable between 0 • and 90 • from the plane of the sky. However, our previous experience (Monteiro-Oliveira et al. 2017a,b) have shown that we can constraint these quantity based both on the measured shock projected velocity v shock and the line-of-sight separation δ v/(1 +z). Given the shock estimation measured by Owers et al. (2014) (v shock = 2057 km s −1 ), we have estimated the perpendicular relative subcluster's velocity as 1000 ± 500 km s −1 since it corresponds only to a fraction of the shock velocity (e.g. Machado et al. 2015) . These procedures lead to a merger axis located at α = 27 • ± 14 • with respect to the plane of the sky. As an input for MCMAC, we have adopted a prior allowing α to assume any value between 0 • and 35 • with equal probability. The MCMAC results are presented in Tab. 8.
The MCMAC predicts two possible merger scenarios: an outgoing system, i.e., seen after the pericentric passage or an incoming system, where the subclusters have reached the apoapsis and are now going to a new encounter. If the outgoing scenario is true, A2034S&N are currently seen 0.56 +0.15 −0.22 Gyr after the pericentric passage. This age is, within 99% c.l., compatible with those previously estimated by Owers et al. (2014) based on the shock position in the X-ray map, indicating that the outgoing scenario is preferred. The model also points that the collision tri-dimensional velocity was 1767 Smoothed map of the red sequence members spatial distribution obtained by the BKDE2D implemented on the R environment. This linear map shows, beyond the remarkable trimodal concentration, a few other clumps surrounding the previous ones. The most prominent galaxy concentrations were quantitatively identified at 3.6σ , 3σ and 2.5σ above the mean respectively for the previous clumps named A2034S, A2034N and A2034W. The contours are showing the uncertainty (1-2σ ) of each peak position after 10 5 resamplings of the original data after a small random change within a scale of 50 arcsec. The points correspond to the galaxies belonging to the densest part corresponding to members of A2034S (diamond), A2034N ("X" ) and A2034W ("+") which were classified by the 2-dimensional Gaussian mixture model algorithm MCLUST.
DISCUSSION

The merger between A2034S and A2034N
We present here the weak lensing analysis of A2034 based on three deep filters which have allowed us to select the galaxy populations (foreground, red members and background) more accurately than previous works (Okabe & Umetsu 2008; van Weeren et al. 2011; Owers et al. 2014) . Regarding the cluster members, both numerical density maps (Fig. 2) point to the presence of three main concentrations, being two of them nearly aligned with the North-South direction and centred on bright giant galaxies (BCGs).
The recovered total mass distribution map shows a somewhat crowded field. However, two of those mass clumps can be directly related to each optical subcluster due to their proximity in relation to each BCG. Actually, both BCG positions are coincident with the related mass peaks within 95% c.l. in A2034S and 68% c.l. in A2034N. The merging system total mass was evaluated as 3.54 +0.95 −1.17 × 10 14 M giving a mass ratio of M S /M N = 2.2 +1.1 −1.7 , characterizing the system as a major merger or even a semi-major merger considering the error bars (Martel et al. 2014) . According to our model, A2034S appears as the most massive, Fig. 9) . Their results show the presence of two mass concentrations with similar significance (regions "C" and "S") close to BCG S. The choice of the mass clump "C" as representative for A2034S was done based on its spatial concordance with the X-ray peak whereas the clump S was related to the Southern X-ray emission. However, this bimodal configuration in A2034S could not be reproduced in our data even when we changed the size of the smoothing filter used to make the mass map (Fig. 6) . The same argument is valid for their clumps "W1"and "W2" detected as a single structure in our mass map (#3). Regarding A2034N, we found similar results showing that the mass concentration appears a little bit Eastern in relation to the BCG N. It is worth at this point to highlight that our source sample was comprised of 28 background galaxies by arcmin squared, whereas Okabe & Umetsu (2008) had 52.4.
Regarding the nature of the surrounding mass clumps (#5, #6, #7 and #8) we can only speculate. Those structures appear on the mass map but have no optical or X-ray counterparts. Actually, based on the weak-lensing mass reconstruction only we can not even say if those clumps correspond to individual structures or to a collection of small structures on the same line-of-sight (Liu & Haiman 2016) . In Tab. 5 we have estimated their masses assuming that they are at the same redshift as A2034, and those range from 0.6 to 1.8 ×10 14 M , excluding the peak #8 whose location is too close to the border region to provide a trustful mass determination. However, given the non-detection of counterparts (Fig. 7) , it is reasonable to assume that they could arise from the large scale structure. In that case, those masses can be overestimated by a factor up to 1.8 (at z∼0.4; Fig. 14) . Given the depth of our data, one would imagine that a full investigation on the reality of the lowest S/N mass peaks or a search for the respective counterparts for those structures would probably require space-based imaging. Regarding the mass clumps #3 and #4 we are not mentioning them here because given their spatial positions they can be associated with A2034W, which we will discuss in Sec. 5.2.
We can classify the system A2034S&N as a dissociative merger (Dawson 2013) since, within our mass map precision, the X-ray peak related to A2034S is found 169 +48 −42 arcsec apart from the mass peak and 91 ± 1 arcsec in relation to the BCG S. In A2034N, as pointed by previous studies (Kempner et al. 2003; Owers et al. 2014 ), its gas content was stripped out during the collision in the sense that we cannot identify any gas concentration related to the mass clump. This configuration, therefore, resembles the famous Bullet Cluster (e.g. Clowe et al. 2004 Clowe et al. , 2006 where the gas content of both subclusters was displaced in relation to the galaxies and the total mass distribution. The main difference is that, according to our dynamical analysis, the merger axis of A2034S&N present comparatively a larger angle (α = 27 • ± 14 • ) in relation to the plane of the sky. Although this estimate has been previously proposed by Owers et al. (2014) , they found this considering the subclusters' relative velocity to be equal to the shock propagation, which is known to be less precise (e.g. Springel & Farrar 2007; Machado et al. 2015) . Moreover, the BCGs could not be at rest after the collision which may bias the value of δ v estimated by only their redshifts.
The distribution of the members with spectroscopic data is well represented by a single Gaussian and this implies that the subclusters are no longer separated along the line-of-sight. In this case, the redshift alone cannot be used as a trustworthy tool to classify the member galaxies according to their host group. So, we turn to the galaxy projected spatial distribution. In fact, our results showed that A2034S&N are separated in the line-of-sight by only δ v/(1 + z) = 403 ± 228 km s −1 .
Departing from the mass posteriors we can apply the scaling relation proposed by Biviano et al. (2006) to evaluate the expected value of the subcluster velocity dispersion before the collision, under the assumption that it occurred with no mass loss. The comparison with the measured velocity dispersion can be used as an indicator of the dynamical effect of the merger on the galaxies. −0.56 . These results are another indication that the system is seen less than 1 Gyr after the pericentric passage (see Fig. 29 in Pinkney et al. 1996) and suggest that our outgoing scenario is preferred in relation to the incoming configuration. In this case, we found that the system is seen 0.56 +0.15 −0.22 Gyr after the pericentric passage.
A2034W
After a complete description of the merging between A2034S and A2034N, which presents a very good match with the observational features, a question yet remains open: what is the nature of A2034W?
The structure is characterized byz W = 0.1140 ± 0.001 and σ v /(1 +z) = 1061 km s −1 according to our dynamical analysis from 17 identified members with available redshift. In contrast with the red members spatial distribution, the recovered mass field does not show a clear counterpart for A2034W. In fact, it is located between two mass peaks (#3 and #4) as we can see in Figs. 8 and 15 . Applying the same approach as used to determine the uncertainty on the A2034S&N mass peaks centre, we found no spatial coincidence among A2034W and the mass peaks #3 or #4 (see Fig. 8 ). Therefore, within the limitation of our analysis, the mass counterpart for A2034W remains unclear. The hypothesis that A2034W has no dark matter counterpart although possible is very unlikely.
We found no remarkable galaxy concentration at the position claimed by Owers et al. (2014) and posteriorly by Shimwell et al. (2016) (see their Fig. 3 ). We warn that this concentration was identified based only on the spectroscopic members. However, the choice of the targets for this kind of observation can induce a bias on their spatial distribution. On the other side, the use of photometric selected red galaxies avoid this effect since their selection is done based only on colour criteria.
The red members distribution closely follow the radio emission map presented by Shimwell et al. (2016) . In particular, we found that their region "C" (see their Fig. 1 ) is spatially coincident with the position of A2034W. We also have found a red members concentration around their region F.
Another question we can propose is: what is the relationship between A2034W and the south emission excess in the X-ray distribution? As pointed out by Kempner et al. (2003) the properties of this emission are not consistent with an equilibrium state. However, it is cooler than the gas belonging to A2034S&N to be considered part of the current merger. This is also corroborated by our general analysis of A2034S&N. A possible hypothesis is that this cool gas could be a remaining part of a merger happened in the past and involving A2034W (e.g. Kempner et al. 2003) .
Finally, our analysis points towards the conclusion of Shimwell et al. (2016) that the scenario found in the A2034 field is more complicated than proposed in previous analyses. This complexity can be a hint that previous events had taken place there. For example, a previous merger involving A2034W can explain the south excess in the X-ray distribution, as suggested by Kempner et al. (2003) . However, further hidrodynamical simulation is required to provide a comprehensive explanation for this complex scenario found in A2034.
SUMMARY
• Despite the complexity of the field, the main system is well described by a bimodal merging between A2034N and A2034S closely aligned with the North-South direction. This fact is corroborated by the good match between the recovered age from our two-body analysis and those got by observational X-ray features;
• • The X-ray morphology presents only one peak, related to A2034S. It shows a detachment of 91 ± 1 arcsec and 169
+48
−42 arcsec respectively from the BCG S and its related mass clump. On the other side, there is, within 95% c.l., an agreement between both BCG S and its mass peak positions. Regarding A2034N, its gas content seems to have been also stripped out.
• The cluster member classification based on galaxy spatial distribution plus redshift has revealed that A2034S&N are located not far from each other in relation to the line-of-sight. The relative velocity is only δ v /(1 +z) = 497 ± 255 km s −1 ; combined with an Figure 15 . R C image overlaid with X-ray Chandra contours (red) and the spatial numeric distribution of the red cluster members (green). The numbers are positioned at the mass peak positions. The third galaxy concentration, A2034W, is located nearby the south emission excess present in the Xray distribution. In spite of the proximity, the correspondence of the galaxy clump A2034W with the nearby mass clumps #3 and #4 is not obvious. estimation of the perpendicular velocity based on the shock propagation, we found that the merger axis is located at 27 • ± 14 • from the plane of the sky;
• The two-body model predicts that the collision occurred 0.56 +0.15 −0.22 Gyr ago with a 3D-velocity of 1767 +305 −334 km s −1 . In spite of the model degeneracy, both shock presence and the measured boost in the velocity dispersion support the outgoing scenario;
• We confirm the existence of the Western structure A2034W although our analysis does not provide a way to identify its associated dark matter mass clump. We made use of the NASA/IPAC Extragalactic Database, which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with NASA.
APPENDIX A: A2034 CATALOGUE Table A1 : Catalogue of the heliocentric radial velocities in the A2034 field. In the first three columns we have, respectively the general galaxy ID, the galaxy ID for our Gemini-GMOS sample and the ID of the galaxies found in the NED. The magnitudes B, R C and z , measured inside an aperture of 4.6 arcsec, are presented on the following three columns. In the two last columns are presented the radial velocities and its uncertainty in unities of km s −1 . Since σ v was not available for the NED galaxies, we have estimate this quantity in 100 km s −1 . The galaxies highlighted as and ♦ are respectively the BCGs of the subclusters A2034S and A2034N. 
